Abstract: "Thoracic outlet syndrome" is a term that covers a range of conditions and abnormalities causing a variety of presentations and symptoms. In order to assess and treat this group of conditions, careful consideration needs to be given to individual presentations to tailor appropriate clinical and imaging tests. There is no single test available for the definitive diagnosis and assessment of this group of conditions. This article aims to present an up-to-date review with particular focus on the diagnosis and relevance of the different imaging modalities. Chest radiography allows identification of bony abnormalities and apical lung tumors. Ultrasonography is useful in cases of suspected acute thrombosis of the upper limb. Computed tomography combined with computed tomography angiography provides a useful overview of the anatomical and vascular structures. Magnetic resonance imaging and magnetic resonance angiography are now widely used methods of assessment for vascular thoracic outlet syndrome, allowing dynamic assessment of the thoracic outlet, with good soft tissue contrast allowing for visualization of a wider range of pathologies than other imaging methods.
Introduction
Diagnosing thoracic outlet syndrome (TOS) is clinically challenging. This is because it is not a single, clearly defined clinical entity and may present with a variety of neurovascular symptoms.
In order to understand TOS, it is necessary to appreciate the anatomy of the thoracic outlet. TOS is the clinical result of constriction or compression of neurovascular structures in the interscalene triangle, costoclavicular space, or retropectoral (coracopectoral) space ( Figure 1 ). These spaces are in continuity from the cervical spine, extending into the superior mediastinum and up to the lateral border of the pectoralis minor muscle. These three continuous compartments are also called the thoracic inlet, and this condition may also be referred to as "thoracic inlet syndrome". Several structures can give rise to the symptoms experienced and there are a large range of clinical presentations. In the early part of the 20th century, the condition scalenus anticus syndrome was described and referred to compression of the subclavian artery in the thoracic outlet. 1 In 1956, 2 the term "thoracic outlet syndrome" was coined by Peet et al and was described in relation to neurovascular symptoms.
This article aims to outline the background and anatomy of TOS and provide an up-to-date review of the clinical and imaging assessment of this condition.
Movements of the arm can change the spaces within the thoracic outlet. Early functional studies with computed , tomography (CT) and magnetic resonance imaging have shown the dynamic size and variability of these three spaces. MRi and pictorial relationships of the anatomy of the thoracic outlet, divided into the interscalene triangle, the costoclavicular space, and the subcoracoid space. Notes: (A) MRi (a) and illustration (b) of the interscalene space, which is bordered by the anterior and middle scalene muscles anteriorly and anteroposteriorly, respectively, and the first rib infero-posteriorly. The roots of the brachial plexus lie above the subclavian artery. The subclavian vein is anterior to this space. (B) MRi (a) and illustration (b) of the costoclavicular space, which is bordered by the first rib inferiorly, the clavicle superiorly, and the subclavius anteriorly. The subclavian artery lies central with the vein anterior to it and branches of the brachial plexus are seen above and below the artery. (C) MRi (a) and illustration (b) of the subcoracoid (or retropectoralis minor) space, which is bordered by the pectoralis minor muscle anteriorly and the coracoid process superiorly. The cords of the brachial plexus can be seen around the vessels. Some compression of the vein is noted, and this is within normal variation. This space is lateral to the first rib and is least commonly involved in thoracic outlet syndrome. The arrowheads demonstrate the corresponding parts of the brachial plexus. Abbreviations: A, anterior; M, medial; P, posterior; L, lateral; a, artery; v, vein. Dynamic narrowing does not affect the interscalene triangle but does narrow the costoclavicular, coracopectoral, or retropectoral spaces. However, retropectoral space narrowing is not commonly manifested clinically as vascular TOS, despite evidence of compression of the vascular structures. 7 Involvement of the retropectoral space is common in neurogenic TOS, with a recent study showing involvement in some form in 50% of all TOS cases, even if the primary site of entrapment is not at this site. 8 The costoclavicular space is the most common site for vascular TOS 9 whereas neurologic al TOS (NTOS) is equally frequent in both the interscalene space and costoclavicular space. 9 Direct compression of neurovascular structures in the thoracic outlet may be due to extrinsic compression. Soft tissue abnormalities resulting in TOS can be congenital or acquired.
Congenital soft tissue abnormalities include variation in scalene muscle insertions, hypertrophy of the scalene muscles, or accessory scalene muscles. Scalene muscle variation can affect nerve roots of the brachial plexus as they emerge between the anterior and middle scalene. [10] [11] [12] An accessory scalene muscle or scalenus minimus may vary in its origin from C6 or C7 and inserts into the scalene tubercle of the first rib or cervical pleura of the lung and this can also cause TOS. [12] [13] [14] Anomalies such as fibromuscular bands extending between the transverse process of a cervical vertebra and the first thoracic rib were described by Roos. 
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Diagnosis of thoracic outlet syndrome thought to result in a " pain-immobility-fibrosis loop", an important step in the development of this condition. 15 Fibrosis can be the result of a single traumatic event resulting in fracture or tissue injury, or can be secondary to repetitive injury to muscle and ligaments resulting from normal movements. 16 The latter is an important cause of TOS and can be underdiagnosed if a full clinical history is not obtained. Hypertrophy of the normal scalene muscle can result in narrowing of the interscalene space resulting in TOS, as can hypertrophy of the pectoralis minor tendon, but with narrowing seen in the retropectoral space. 17, 18 These two conditions can occur in athletes with no other anatomical abnormalities.
The current classification of TOS is based upon the structures involved.
Vascular TOS
This syndrome can be subdivided into arterial and venous TOS.
Arterial vascular TOS
This is the least common form of TOS, accounting for less than 1% of all cases. 1 Arterial vascular TOS is the result of compression of the subclavian artery at the root of the neck, most commonly in the costoclavicular space, for example, by an accessory cervical rib, fibrous band, or deformed thoracic rib. Arterial aneurysmal dilation may develop distal to the point of obstruction because of the turbulent flow resulting from proximal narrowing. Thrombus can form in the aneurysmal sac and may occasionally propagate distally, resulting in an acutely ischemic upper limb. Primary symptoms are paresthesia, coldness, and numbness of the limb because of vasa nervosa insufficiency causing ischemic neuritis of the brachial plexus. Acute ischemia presents as an acutely painful limb.
Venous vascular TOS
Primary spontaneous thrombosis of subclavian or axillary vein occurs most commonly in young men and symptoms include swelling, heaviness, and dilation of superficial veins. Sometimes a history of repetitive motion or severe exertion can be elicited. 19 Thrombosis of the subclavian or axillary vein results in an acutely swollen, painful upper limb. This is also known as "Paget-von Schroetter" 2 disease or "effort thrombosis syndrome".
NTOS
This is often subdivided into true NTOS and disputed, or nonspecific, TOS.
True NTOS
Neurological symptoms can be secondary to compression of the nerve roots of the brachial plexus within the thoracic outlet. Raynaud's phenomenon may occur as a consequence of sympathetic overstimulation due to involvement of the lower trunks of the brachial plexus which carry sympathetic fibers. 16 An anatomical abnormality such as a fibrous band extending from the transverse process of C7 to the first rib results in stretching of the proximal fibers of the lower trunk of the brachial plexus. Patients may complain of nonspecific paresthesia or pain in the arm or hand and motor weakness of muscles of hand and forearm, with or without atrophy of the thenar eminence. Some patients may present with pain in the chest or neck or even with headache. 20 Symptoms may often have a chronic course and the patient may not seek a medical opinion for years. The interscalene triangle is more frequently found to be narrowed in patients with TOS than in asymptomatic patients, 21 although NTOS is equally likely to result from compression arising in the interscalene space or costoclavicular space. 9 
Disputed or nonspecific TOS
Some authors have proposed the category of disputed or nonspecific TOS for situations in which there is a degree of overlap between neurogenic and vascular TOS. 22, 23 Other authors have argued that neurogenic TOS is wrongly labeled as vascular TOS in many patients. 1 More recently, the use of the term "disputed TOS" has been discouraged due to its ambiguity.
NTOS and nonspecific TOS are the most common forms of TOS and are often associated with a history of trauma. 
Clinical diagnosis
Diagnosing TOS is challenging, as symptoms can be chronic and overlap with other presentations. Patients may present with pain, paresthesia, weakness, claudication, and muscle wasting in the upper limb, along with possible neck pain, chest pain, headache, vertigo, and dizziness. 24 A minority of patients will present with specific findings, such as a GilliattSumner hand, which is characterized by severe atrophy of the abductor pollicis brevis muscle, with severe atrophy of the interosseous and hypothenar muscles of the same side. 25 A variety of dynamic provocation tests can reproduce the symptoms from TOS. 26 These tests can help the clinician to exclude other pathologies. Some of the most widely used tests are as follows.
Adson's test
The patient's radial artery is palpated while the patient is seated in a chair, with the arm by the side of the patient. 
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The patient is then asked to take long deep breaths with their face turned toward the affected arm. If the radial pulse is absent or deficient, the test is regarded as positive. Many authors do not favor this test as positive results can be elicited in healthy, asymptomatic individuals. 27 
wright's test
Wright's test is also performed in the sitting position. The patient's arm is slowly abducted while the radial artery is being palpated. A loss of pulse confirms subclavian or axillary nerve compression in the thoracic outlet during abduction or overhead abduction of the arm.
Roos' test or elevated arm stress test
The patient is asked to open and close the fist rapidly with 90° of shoulder abduction and 90° of elbow flexion. This is typically performed for 1 minute or 3 minutes to assess reproduction of symptoms. Tingling or numbness while opening and closing the hands in this position supports the clinical diagnosis of TOS. Inability to complete this test due to pain has a low false-positive rate in neurogenic TOS. 28 
Military brace test
The test is performed in the standing position with the examiner standing behind the patient. The examiner palpates the radial artery while the patient's shoulder is extended, with the elbow extended. Loss of the radial pulse confirms compression of subclavian artery at the thoracic outlet.
Upper limb tension test
A modified version of Elvey's upper limb tension test is described by Sanders et al. 1 First the arm is abducted to 90° with the elbow extended. Second, the wrist is dorsiflexed and, finally, the head is tilted to one side, ear to shoulder. Although these tests may be used at initial clinical assessment, they all have high false-positive rates.
Scalene and pectoralis minor blocks
The use of anesthetic blocks of the anterior scalene and pectoralis minor muscles, both as diagnostic and therapeutic maneuvers, has increased in recent years. There have been no randomized controlled studies to assess this technique, but there are many reports of its use. [29] [30] [31] Intramuscular injection can be performed either clinically or with image guidance. Typically, 1% lidocaine is utilized. Clinically guided injection can be performed in areas of tenderness, with care taken to avoid the pleural space. Imageguided techniques have been described using ultrasound 29 and CT. 30 Intramuscular injection under ultrasound guidance has been shown to be safe and well tolerated. 31 Patients with a good response to local anesthetic block have been shown to have better outcomes following surgery compared to those who have not. 32 The use of local anesthetic blocks has been shown to be of particular use in directing therapeutic options for recurrent TOS. 
Electrophysiology
The use of electromyography and nerve conduction studies in diagnosing TOS is controversial. Rousseff et al found electrophysiological studies unhelpful in establishing the diagnosis of TOS, 33 while others have reported success both in diagnosis and assessing response to treatment. 32 These tests are not necessarily part of the routine work-up of a patient with suspected TOS, as they provide information about only the neurological structures that pass through the thoracic outlet. However, they may be useful when performed in patients with nonspecific neurological symptoms because they can distinguish myogenic and neurogenic causes. If there is a neurogenic abnormality, the neurological level affected can be identified. In neurogenic TOS, in which brachial plexus injury can occur at various levels between the neck and axilla and to varying degree, electromyography can be used to assess the neurological compromise and level of injury to the brachial plexus. Findings include reduced amplitudes in the median motor, ulnar sensory, and medial antebrachial cutaneous nerves and suggest chronic or prolonged compression. The collection of findings has been shown to have a high sensitivity for neurogenic TOS. 34 Electrophysiological studies can be of use in excluding non-neurological causes of symptoms, when considering neurogenic TOS as diagnosis. 35 They are also valuable in establishing reproducible objective data in diagnosing the extent of damage to nerves and recovery following surgery. 32, 36 Electrophysiological studies are therefore not necessarily routine, but may be beneficial in patients with suspected neurogenic TOS, when supported by appropriate clinical examination and radiological investigations. 
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Diagnosis of thoracic outlet syndrome Radiography of the cervical spine and chest X-ray of the cervical spine and chest are the first imaging investigations for TOS. Skeletal abnormalities including cervical rib, exostosis, callus formation, bony spur, or a calcified fibrous ligament can be seen on a plain radiograph. Cervical ribs are present in 1% of the population and are a radiographic finding in 5%-10% of patients with TOS. 37, 38 It is also useful to exclude an obvious pulmonary apical tumor as a cause of TOS-like symptoms.
The decision to investigate further will depend upon the presentation, history, and clinical findings.
Digital subtraction angiography (DSA)
DSA has been regarded as the gold standard investigation for arterial abnormalities. 39 In modern practice, DSA is often only used in combination with interventional techniques to institute treatment or refine a particularly difficult diagnosis. DSA has been employed to demonstrate obstruction to flow in the subclavian, axillary, or brachial arteries. The initial assessment of these patients is now generally performed with CT angiography (CTA) or magnetic resonance angiography (MRA) to avoid the risks of arterial puncture, including lifethreatening hemorrhage, dissection, thrombosis, hematoma, and pseudoaneurysm formation. 40 DSA can be combined with thrombolytic therapy in patients with arterial thrombus or embolus, enabling thrombolysis and restoration of blood flow to the affected limb. Catheter-directed or mechanical thrombolysis can also be used to treat acute venous occlusion.
Soft tissue abnormalities can potentially be diagnosed indirectly by demonstrating filling defects or extrinsic compression of the imaged vascular structures, although crosssectional imaging is often more useful because it allows direct assessment of these structures. DSA can demonstrate abnormalities such as arterial aneurysm or dissection (Figure 3) , although the presence of thrombus limits this.
Modern cross-sectional imaging techniques are very effective in demonstrating vascular pathologies such as impingement or obstruction 41, 42 and have the advantage of being much less invasive.
Ultrasound scan (USS)
USS is infrequently used as the sole modality for diagnosing TOS. The use and availability of ultrasound is highly variable. USS is dynamic and can be combined with clinical examination techniques to provide further evidence in support of a diagnosis of TOS. USS has been used to assist in making the diagnosis of NTOS at the interscalene hiatus. Dynamic assessment of the brachial plexus at the level of the interscalene hiatus using ultrasound while performing clinical tests can demonstrate compression between anterior and middle scalene muscles. 43 Simultaneous provocation of symptoms with this ultrasonographic appearance can confirm the diagnosis of compression of the brachial plexus.
Ultrasonography is very useful in diagnosing axillary or subclavian vein thrombosis in Paget-von Schroetter syndrome and has a high diagnostic accuracy with appropriately experienced operators (Figure 4) . 44 However, use of ultrasound is limited in diagnosing other forms of TOS. 
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The role of USS in the assessment of suspected arterial TOS is controversial and not well established because of overlap between normal variation and pathological appearances. Stapleton et al 45 demonstrated complete lack of blood flow in abduction and external rotation of the arm in healthy individuals.
CT and CTA
CT is a noninvasive technique which uses ionizing radiation to create cross-sectional images. It is fast and widely available and often useful in the assessment of a patient with an acute presentation. CTA is frequently used in patients with acute ischemia of the upper limb, as the extent of the arterial occlusion can be demonstrated at the same time as any potential proximal causes of embolus such as arterial aneurysms. CTA requires intravenous access and contrast administration.
CT allows multiplanar visualization of the thoracic inlet and can be combined with angiographic techniques to assess compression of both the artery and the vein. CT images can be manipulated on a workstation to show the required length of the vessel on a single image (Figure 5 ), or combined with three-dimensional reconstructions to assist with surgical planning. Three-dimensional reconstructions provide an overview of the bony and contrast-filled structures and can be created in any plane. Non-contrast multi-detector CT of the neck and upper chest can be performed to describe the anatomy of the thoracic outlet followed by elevated arm CTA to demonstrate dynamic compression. 5 CTA can be performed with the patient prone with the arm abducted over the head with an injection of 100 mL intravenous iodinated contrast at 4-5 mL/s and either a bolus-tracking triggered acquisition or a delay of 15-20 seconds from the start of the injection. For patients unable to lie prone, supine imaging with raised arm prior to the CTA acquisition is often satisfactory. Optimum results are achieved by injecting intravenous contrast on the asymptomatic side, so as to minimize beam hardening artifact from the subclavian vein opacification. Images should be viewed using both soft tissue windows (window length: 400, window width: 40) and vascular windows (window length: 650, window width: 220).
Limitations of CTA include exposure of the patient to ionizing radiation and the risks of intravenous contrast injection, such as anaphylactoid reactions and nephrotoxicity in vulnerable patients. CTA is useful in establishing the vascular TOS resulting from bone or soft tissue compression.
CT has limited soft tissue contrast resolution and is less successful at demonstrating the interscalene hiatus, limiting its usefulness in NTOS.
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Magnetic resonance imaging (MRI)
MRI is increasingly used in the diagnosis of vascular TOS. MRI has the advantages of being a nonionizing radiation technique and gives excellent soft tissue resolution, which helps to demonstrate soft tissue causes of TOS. MRA techniques can provide subtracted angiography.
The range of abnormalities that can be seen with MRI includes accessory muscles (scalenus minimus, subclavius Figure 5 Curved multiplanar reconstruction of a computed tomography study in a patient who presented with acute ischemia of the right arm. Notes: Note the aneurysm of the subclavian artery (large arrow), which was present immediately distal to the cervical rib causing thoracic outlet syndrome. The brachial artery terminates abruptly with low attenuation material within the lumen consistent with thrombus from the aneurysm propagating down the arm (small arrow). This patient was treated with catheter-directed thrombolysis and subsequent resection of the cervical rib. Abbreviation: CT, computed tomography. 
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Diagnosis of thoracic outlet syndrome posticus, duplicated omohyoid inferior belly, pectoralis minimus muscle) and muscle hypertrophy (omohyoid inferior belly, pectoralis muscle, scalene, and subclavius) as well as fibrous bands. 9, 14, 16, 46 Typical anatomical sequences used would include fast spin echo T1 sagittal high-resolution imaging, which can be combined with T2 fat saturation or short tau inversion recovery coronal sequences. Short tau inversion recovery sequences take a little longer to acquire but provide more uniform fat suppression over a large field of view.
MRA datasets are acquired before contrast administration and then during arterial and venous phases. An intravenous gadolinium agent is given by infusion through a peripheral venous cannula. A dose of 0.1 mmol/kg is given with the arms raised, and this dose can be repeated with the arms lowered.
MRA sequences are obtained with the arms abducted and raised above the shoulders and later with arms by the sides. This can demonstrate compression of the vascular structures with abduction and reversal of these findings with the arms lowered. Vascular abnormalities are well demonstrated using rotated maximum intensity projections ( Figure 6 ).
Blood pool contrast agents, which are retained in the intravascular space because of binding to albumin, can be used to assess the arterial and venous structures following a single, lower-dose injection. 41 This enables higher-resolution imaging because the contrast is not rapidly excreted after the first pass and images can be acquired over a greater length of time in the steady state.
There is still controversy over the use of MRI for neurogenic TOS. There are newer techniques such as 3T magnetic resonance neurography (high-resolution imaging), which can enable identification of fibrous bands impinging on the lower brachial plexus, 47 although this technique is not widely used in clinical practice.
The advantages and disadvantages of the various imaging modalities are summarized in Table 1 .
Conclusion
"Thoracic outlet syndrome" is a term that covers a range of abnormalities causing a variety of symptoms. Appropriate investigations need to be tailored to the individual and there is no single diagnostic test. Clinical history and examination dictates the need for electrophysiological testing and subsequent imaging. A chest radiograph allows identification of bony abnormalities and apical lung tumors. Ultrasonography is useful in cases of suspected acute thrombosis of the upper limb. CT combined with CTA provides a useful overview of the anatomical structures and vessel compression in abduction, although is probably more appropriately used in emergency situations or where there are difficulties or contraindications to performing MRI. MRI and MRA allow dynamic assessment of the thoracic outlet, which is most helpful in delineating the cause and level of arterial compression in arterial TOS. 
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